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Outflow tract myocardium in the mouse heart is derived from the anterior heart field, a subdomain of the second heart field. We have recently
characterized a transgene (y96-Myf5-nlacZ-16), which is expressed in the inferior wall of the outflow tract and then predominantly in myocardium at
the base of the pulmonary trunk. Transgene A17-Myf5-nlacZ-T55 is expressed in the developing heart in a complementary pattern to y96-Myf5-
nlacZ-16, in the superior wall of the outflow tract at E10.5 and in myocardium at the base of the aorta at E14.5. At E9.5, the two transgenes are
transcribed in different subdomains of the anterior heart field. A clonal analysis of cardiomyocytes in the outflow tract, at E10.5 and E14.5, provides
insight into the behaviour of myocardial cells and their progenitors. At E14.5, most clones are located at the base of either the pulmonary trunk or the
aorta, indicating that these derive from distinct myocardial domains. At E10.5, clones are observed in subdomains of the outflow tract. The
distribution of small clones indicates proliferative differences, whereas regionalisation of large clones, that derive from an early myocardial
progenitor cell, reflect coherent cell growth in the heart field as well as in the myocardium. Our results suggest that myocardial differences at the base
of the great arteries are prefigured in distinct progenitor cell populations in the anterior heart field, with important implications for understanding the
etiology of congenital heart defects affecting the arterial pole of the heart.
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Formation of the outflow tract of the mammalian heart is
coincident with rightward looping of the heart tube. At
midgestation in the mouse embryo, the fully extended outflow
tract is a cylindrical structure with an endothelial lining
surrounded by an outer myocardial wall, in which conotruncal
cushions are developing (Harvey, 2002). At this stage cardiac
neural crest cells invade the distal outflow tract leading to
compartmentation into the ascending aorta, connected with the
left or systemic ventricle, and the pulmonary trunk, connected⁎ Corresponding author. Department of Developmental Biology, URA 2578
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contribute to the outflow tract septum and semilunar valves.
Morphogenesis of the definitive ventriculo-arterial connections
is a complex developmental process involving multiple cell
types and intercellular signaling events (Srivastava and Olson,
2000). Anomalies in this process account for about 30% of all
congenital heart defects inman, and result inmalformations such
as common arterial trunk, double outlet right ventricle and
transposition of the great arteries.
Outflow tract myocardium is derived from progenitor cells in
the pharyngeal mesoderm of the anterior heart field (AHF)
which is part of the larger second heart field (SHF), identified in
the mouse embryo (Buckingham et al., 2005; Kelly, 2005). Cell
tracing experiments based on an Islet1-Cre/Rosa26 approach
(Cai et al., 2003) and retrospective clonal analysis (Meilhac et
al., 2004a) showed that such progenitor cells constitute a second
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the arterial pole of the elongating heart tube. Only the embryonic
left ventricle is entirely derived from the first lineage, which
gives rise to most differentiating cardiomyocytes of the cardiac
crescent and nascent heart tube (Zaffran et al., 2004). Myo-
cardial progenitor cells in the SHF are marked by the expression
of genes such as Isl1 (Cai et al., 2003) or Foxh1 (von Both et al.,
2004) and by the activity of transcriptional control elements,
exemplified by the Mef2c SHF enhancer (Dodou et al., 2004),
that constitute a specific regulatory network (Buckingham et al.,
2005). The anterior part of the SHF is distinguished by the
expression of additional genes, notably Fgf8 and Fgf10; it was
first visualised in the Mlc1v-24-nlacZ transgenic line, which
reflects Fgf10 expression, due to transgene integration in this
locus (Kelly et al., 2001). These anterior progenitor cells
contribute to the outflow tract and to right ventricularmyocardium
(Kelly et al., 2001; Zaffran et al., 2004). Mutations that affect the
expression of SHF genes result in early heart defects, due to the
failure of these myocardial progenitors to participate correctly in
cardiogenesis (Buckingham et al., 2005). All the compartments of
the heart to which SHF cells normally contribute are affected, and
notably the outflow tract, since outflow tract myocardium is
entirely derived from this source (Meilhac et al., 2004a).
A distinct origin for outflow tract myocardium had also been
demonstrated in the chick embryo, from pharyngeal mesoderm
situated posterior and adjacent to the arterial pole (Waldo et al.,
2001) and situated more cranially (Mjaatvedt et al., 2001), with
contributions to the distal or distal-most parts of the outflow
tract, respectively. Heterogeneity in the myocardial cells of the
outflow tract in the mouse embryo was indicated by expression
of the y96-Myf5-nlacZ-16 transgene in the inferior wall of the
early outflow tract and subsequently in myocardium surround-
ing the base of the pulmonary trunk (Bajolle et al., 2006).
Analysis of the expression profile of this transgene, together
with Di-I labeling experiments, showed that the same sub-
population of myocardial cells is involved and also revealed
rotation of outflow tract myocardium, of importance for the
individualisation of the great arteries during heart development
(Bajolle et al., 2006). Anatomical observations on human
embryonic hearts had also suggested outflow tract rotation
(Lomonico et al., 1986) and this was shown by cell labelling
experiments in the chick embryo (Ward et al., 2005; see also
Thompson et al., 1987).
We now characterise the expression profile of a second
transgene, A17-Myf5-nlacZ-T55, which is expressed in the
developing mouse heart in a complementary pattern to the y96-
Myf5-nlacZ-16 transgene. Expression is observed in the super-
ior right wall of the E10.5 outflow tract and in myocardium at
the base of the ascending aorta at E14.5, but not in myocardium
at the base of the pulmonary trunk. We show that both
transgenes are expressed in the SHF, in different subdomains of
anterior pharyngeal mesoderm. Retrospective clonal analysis of
cardiomyocytes in the outflow tract myocardium at E14.5, using
the α-cardiac actinnlaacZ1.1/+ mouse line (Meilhac et al., 2003),
shows clusters of clonally related cells located in the myo-
cardium at the base either of the aorta or pulmonary artery.
Clonal analysis at E10.5 demonstrates the presence of sub-domains of outflow tract myocardium, which in the case of large
clones, also reflect coherent progenitor cell behaviour in the
second heart field. Our results suggest that myocardial dif-
ferences at the base of the great arteries are prefigured in distinct
progenitor cell populations in pharyngeal mesoderm and have
important implications for further understanding of the etiology
of congenital heart defects affecting the arterial pole of the heart.
Materials and methods
Transgenic and gene targeted mouse lines
The transgenic line y96-Myf5-nlacZ-16 (96-16) has been described
previously by Hadchouel et al. (2000) and Bajolle et al. (2006). The transgenic
line A17-Myf5-nlacZ-T55 (T55) was described by Chang et al. (2004) and
contains multiple linked copies of a construct containing a 600-bp enhancer
element from theMrf4/Myf5 locus upstream of a TK promoter and nlacZ reporter
gene (n, nuclear localisation sequence). Both transgenes showed reproducible
and robust expression profiles. The α-cardiac actinnlaacZ1.1/+ mice have been
described by Meilhac et al. (2003). Transgene expression was monitored by
X-gal staining for β-galactosidase activity on whole-mount and on cryostat
sections as described by Meilhac et al. (2003) and Bajolle et al. (2006). Embryos
were dated taking the day of the vaginal plug as E0.5.
Retrospective clonal analysis
Random clones of β-galactosidase-positive cells were spontaneously
generated in embryos from the α-cardiac actinnlaacZ1.1/+ line, as previously
described (Meilhac et al., 2003). A total of 1309 embryoswas examined at E10.5,
of which 870 had β-galactosidase-positive cells in the heart. 39 of these had
clusters ≥5 cells in the outflow tract at E10.5. 37 small clones (2–4 cells) of β-
galactosidase-positive cells were identified in the outflow tract, while in 21 hearts
single-labelled cells were detected. The lower than expected numbers of single
cells compared to the 2–4-figures is probably due to a delay in β-galactosidase
accumulation in cells that have just acquired a functional nlacZ gene and is seen
in all tissues examined (J.F. Nicolas, personal communication). Clusters were
classified as superior, inferior, left, right, proximal and distal. At E14.5, all the
hearts examined (627) had β-galactosidase-positive cells; of these, 47 showed
labelling at the base of the great arteries. Although dispersed β-galactosidase-
positive cells in the heart at this stage are not clonally related, clusters of labelled
cells have a high probability of resulting from a single recombination event in a
progenitor cell (see Meilhac et al., 2003; Meilhac et al., 2004b).
Analysis of cell proliferation in outflow tract myocardium
Cell proliferation was assessed on 14-μm mouse sections using the rabbit
polyclonal antibody anti-phospho-Histone H3 (P-Histone H3, 1:400; Upstate)
and the mousemonoclonal antibody anti-β-galactosidase (clone GAL-13, 1:100;
Sigma). The relative proliferation percentage (number of proliferating cells per
total β-galactosidase-positive cells) was calculated on several serial sections of
γ96-Myf5-nlacZ-16 transgenic embryos at E10.5. A similar difference was
seen when the total number of cells positive for P-Histone H3 in the proximal and
distal outflow tract region was compared.Results
y96-Myf5-nlacZ-16 and A17-Myf5-nlacZ-T55 transgenes are
expressed in subdomains of outflow tract myocardium
We had previously shown that the y96-Myf5-nlacZ-16 (96-
16) transgene marks a subpopulation of myocardial cells in the
inferior wall of the outflow tract at E10.5 and subsequently in
myocardium around the base of the pulmonary trunk (Bajolle et
27F. Bajolle et al. / Developmental Biology 313 (2008) 25–34al., 2006). In the course of a transgenic study of regulatory
elements at theMyf5 locus, we observed that a second transgenic
line, A17-Myf5-nlacZ-T55 (T55) (Chang et al., 2004), was also
expressed in outflow tract myocardium. TheMyf5 gene encodes
a myogenic determination factor active in skeletal but not
cardiac muscle. Both lines contain multiple copies of the
transgene at a single integration site and since additional lines
containing these constructs were not expressed in the heart
(Hadchouel et al., 2000; Chang et al., 2004), we conclude that
this is due to an integration site effect. Analysis of the expression
profile of the T55 transgene revealed that it is distinct and
partially complementary to that of the 96-16 transgene. At
E10.5, expression is observed in the superior right wall of the
outflow tract (Figs. 1A–C), in contrast to 96-16 which is mainly
expressed in the inferior wall (Figs. 1D–F). For comparison,
expression of the Mlc1v-24 transgene is shown (Figs. 1G–I).
With this transgene, β-galactosidase activity marks outflow tract
and right ventricular myocardium (Kelly et al., 2001). As
individualisation of the great arteries takes place, T55-expres-
sing myocardium in the outflow tract is displaced (Figs. 2A–H),
consistent with the previously described counterclockwise
rotation of the myocardium (Bajolle et al., 2006). At E11.5,
T55 transgene expression is observed in myocardium on the
right-hand side of the outflow tract (Figs. 2A–D). At E12.5, T55Fig. 1. Distinct expression profiles of the 96-16, T55 and Mlc1v-24 transgenes in the
showing T55 transgene expression in the superior, right myocardial wall of the outf
pulmonary endothelium (arrow). The inset in panel A indicates the proximal/distal an
tract of a T55 heart from above. (D–F) Equivalent views of X-gal-stained hearts s
(arrowheads), and located behind (arrow) the plane of the photograph in panel D, in
the Mlc1v-24 transgenic line at E10.5. lv, left ventricle; pc, pericardium.transgene expression is observed in the inferior myocardial wall
of the outflow tract, in the region that will contribute to the base
of the future ascending aorta which can already be distinguished
morphologically (Figs. 2E–H). At E14.5, β-galactosidase
activity is observed in myocardial cells around the base of the
ascending aorta but not the base of the pulmonary trunk (Figs. 2I
and J). In contrast, the 96-16 transgene is predominantly ex-
pressed in myocardium around the base of the pulmonary trunk
(Figs. 2K and L). Additional sites of T55 expression in the heart
include low level and sporadic expression in epicardial cells,
particularly on the ventral surface of the heart in the inter-
ventricular region (Fig. 2I). Both transgenes are subsequently
down regulated and no longer expressed in myocardium at the
base of the great arteries by E18.5 (data not shown).
We examined the expression profiles of the T55 and 96-16
transgenes at earlier stages of heart development, and again
compared these with that of the Mlc1v-24 transgene which
marks the AHF and its myocardial derivatives (Fig. 3). In con-
trast to this marker, expression of T55 and 96-16 was detected
only from E9. By E9.5, expression of the T55 transgene was
observed inmyocardial cells in part of the outflow tract as well as
behind the heart (Figs. 3A and B). When the heart was removed,
X-gal staining of the superior wall of the outflow tract was seen,
as well as of cells in pharyngeal mesoderm. In this transgenicdeveloping heart at E10.5. (A, B) Ventral and left views of X-gal-stained hearts
low tract (arrowhead). Expression is also observed in the pericardium (pc) and
d superior/inferior orientations. (C) A view of the cylindrical wall of the outflow
howing 96-16 expression in the inferior myocardial wall of the outflow tract
a complementary profile to that of the T55 transgene. (G–I) Equivalent views of
Fig. 2. The expression profile of the T55 transgene provides further evidence for rotation of the myocardial wall during outflow tract septation. Expression of the T55
transgene in the developing heart between E11.5 and E12.5 (A–H). (A, E) X-gal-stained hearts shown in ventral views; (B, F) right views; (C, G) left views; (D, H)
superior views. (A–D) At E11.5, T55 transgene expression is observed in myocardium on the right-hand side of the outflow tract (arrowheads in panels B and D).
(E–H) At E12.5, T55 transgene expression is observed in the inferior myocardial wall of the outflow tract in the region that will contribute to the base of the future
ascending aorta (arrowheads in panels F and H). Comparison of the expression of T55 and 96/16 transgenes in hearts at E14.5 (I–L). (I, J) Ventral and right views,
showing T55 transgene expression in myocardium at the base of the aorta (arrowhead in panel J) but not at the base of the pulmonary trunk. Transgene expressing cells
are also observed in epicardial cells in the region of the interventricular sulcus. (K, L) Ventral and right views showing 96-16 transgene expression in myocardium at
the base of the pulmonary trunk at E14.5 (arrowheads). Low level expression is also observed at the base of the aorta. Ao, aorta; lv, left ventricle; pt, pulmonary trunk;
rv, right ventricle.
28 F. Bajolle et al. / Developmental Biology 313 (2008) 25–34line, cells of the pericardium are strongly labelled (Fig. 3C). The
section shown in Fig. 3D, also illustrates these sites of T55
expression. The 96-16 transgene, at this stage, is expressed in the
inferior wall of the outflow tract (Figs. 3E–H), as well as in
adjacent pharyngeal mesoderm, extending more posteriorly into
the AHF (Fig. 3G), where scattered cells are also labelled. Strong
expression of 96-16 is also seen in the mesodermal core of the
pharyngeal arches (Figs. 3E–G). The T55 and 96-16 transgenes
are expressed in subpopulations of cells marked by theMlc1v-24
transgene (Figs. 3I–L). This is strongly expressed in the AHF,
with X-gal staining throughout the wall of the outflow tract (and
right ventricle). The pericardium is also labelled. In contrast to
the 96-16 transgene (Figs. 3E–G), labelling in the arches is
continuous with that of pharyngeal mesoderm adjacent to the
outflow tract (Figs. 3I–K).
Distribution of clusters of clonally related cells in the outflow
tract
The expression profiles of the 96-16 and T55 transgenes
distinguish cardiomyocytes located in different regions of theoutflow tract and suggest that they may derive from different
subpopulations of progenitor cells expressing these transgenes
in the SHF. In order to examine this further, we investigated the
lineage relationship between cardiomyocytes in the inferior and
superior walls of the outflow tract at E10.5 and later in sub-aortic
and sub-pulmonary myocardium at E14.5. Retrospective lineage
analysis of cardiomyocytes was carried out using the α-cardiac
actinnlaacZ1.1/+ mouse line (Meilhac et al., 2003, 2004a,b) in
which rare intragenic recombination events restore the nlacZ
open reading frame to the defective nlaacZ reporter gene, gene-
rating clusters of clonally related β-galactosidase-positive cells.
Targeting of nlaacZ to α-cardiac actin restricts the analysis in
the heart to the myocardium (Meilhac et al., 2003). Examination
of the distribution of β-galactosidase-positive cells within the
heart provides information about the spatial behaviour of cells
derived from a common progenitor, in which the recombination
event took place. The number of labelled cells is indicative of the
timing of this event; large clones of β-galactosidase-positive
cells, generated by successive cycles of cell division, derive from
a progenitor present at an earlier stage of development, whereas
small clones probably arose more recently.
Fig. 3. Expression profiles of the 96-16, T55 andMlc1v-24 transgenes in the heart and contiguous pharyngeal mesoderm at E9.5. (A, B) Left and right views of X-gal-
stained hearts from T55 embryos showing transgene expression in the superior wall of the outflow tract (arrowhead) and adjacent pharyngeal mesoderm and
pericardium (pc). (C) A ventral view of a T55 embryo, with the heart removed. X-gal staining is seen in the pericardium (pc), in the superior wall of the outflow tract
and also in adjacent pharyngeal mesoderm of the AHF where some transgene expression is also observed more posteriorly (asterisk). (D) Cryostat section showing
expression of the T55 transgene in the superior myocardial wall of the outflow tract (arrowhead) and in scattered cells of the AHF, as well as in the pericardial wall (pc).
(E, F) Left and right views of 96-16 embryos showing transgene expression in the inferior wall of the outflow tract (arrowheads) and pharyngeal mesoderm (arrow).
(G) A ventral view of a 96-16 embryo, with the heart removed, showing expression in the inferior wall of the outflow tract (arrowhead) and in contiguous pharyngeal
mesoderm in the AHF (arrow). Skeletal muscle precursor cells in the mesodermal core of the mandibular (1) and hyoid (2) arches are also labelled (panels E–G). (H)
Cryostat section showing expression of the 96-16 transgene in the inferior myocardial wall of the outflow tract (arrowhead). (I, J) X-gal staining of left and right views
of the heart of an Mlc1v-24 transgenic embryo. (K) A ventral view of such an embryo with the heart removed, showing labelling around the circumference of the
outflow tract, as well as in the AHF and mesodermal core of the arches. (L) Cryostat section showing labelling around the circumference of the outflow tract, as well as
in the pericardium. lv, left ventricle; rv, right ventricle.
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At E10.5, out of 1309 α-cardiac actinnlaacZ1.1/+ embryos,
870 had β-galactosidase-positive cells in the heart, of which 96
had labelled cells in the outflow tract myocardium. This
frequency is such that a second recombination event may have
occurred elsewhere in the heart, but this is unlikely to be the
case within a cluster (Meilhac et al., 2003) which therefore
derives from a single α-cardiac actinnlaacZ/+ progenitor.
Examples of hearts with β-galactosidase-positive cells in the
outflow tract are given in Fig. 4. The distribution of labelled
cells in regionalised clusters, rather than at two or more distinct
locations is consistent with their clonal origin (see also Meilhac
et al., 2004b). This regionalisation is striking, but also de-
monstrates a considerable degree of intercalation with non-
labelled cells during the coherent growth of a clone. Clusters
of β-galactosidase-positive cells were observed in different
regions of the outflow tract, which was subdivided into
superior/inferior and proximal/distal (Fig. 4E) for the purpose
of analysing their distribution. To facilitate identification, these
subdomains followed morphological landmarks, so that thelimit between proximal and distal corresponds to the flexion of
the outflow tract and superior/inferior domains were allocated
on the longitudinal axis following the line of cushion formation
(e.g. Fig. 4D). A summary of the distribution of clusters of 5 or
more cells is presented schematically in Fig. 5. The total number
of β-galactosidase-positive cells in the outflow tract is shown
for each embryo together with the total number of labelled cells
in the heart. The number of cells within a cluster in the outflow
tract and the number and distribution of labelled cells elsewhere
in the heart provide information about the timing of the
recombination event which led to β-galactosidase-positive cells
in outflow tract myocardium. At E8.5, labelled cells in the heart
are clonally related (Meilhac et al., 2004a), so that a second
recombination event that generates a second clone will have
almost certainly occurred between E8.5 and E10.5. The average
division time for myocardial cells in the heart, between E8.5
and E10.5, was estimated at 15±2 h (Meilhac et al., 2003).
Although this is an approximate figure, this means that distinct
small clusters of cells in different parts of the heart have
probably been generated independently. However, hearts with
larger clusters in the outflow tract and elsewhere reflect a single
Fig. 4. Examples of nlaacZ/nlacZ chimaeric hearts from α-cardiac actinnlaacZ1.1/+
embryos, at E10.5, showingβ-galactosidase-positive cells in the myocardial wall
of the outflow tract in superior (A–C, F) and left (D, E) views. In panel D, part of
the heart has been removed to show more clearly the outflow tract. (A–C)
Examples of clusters that are restricted to the superior part of the outflow tract. In
panel A, the cluster extends distally and proximally, into the right ventricle,
whereas in panels B and C it is in the proximal or distal outflow tract respectively
(see panel E). (D) Example of a cluster in the inferior (proximal and distal) part of
the outflow tract. (E, F) An example of a large cluster contributing to both the
superior and inferior regions of the outflow tract. Broken lines (D, E) indicate the
division between inferior (inf) and superior (sup) regions of the outflow tract
which were delimited following a detectable morphological land mark. Distal
and proximal regions are indicated in panel E. la, left atrium; lv, left ventricle; oft,
outflow tract; ra, right atrium; rv, right ventricle. Numbers in the bottom right
corner of the panels indicate the developmental stage followed by the embryo
identification number.
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these cells are clonally related.
In Table 1, clones in the outflow tract are classified according
to these criteria, which indicate the age of the progenitor cell.
Clusters of eight or fewer (≤8) cells correspond to a clone that
was generated from a cell within the outflow tract, since in these
cases few labelled cells are present elsewhere in the heart (e.g.
Fig. 4C, E10.5–402). Larger clusters of clones (N8 cells) within
the outflow tract were divided into two categories. Those that
had a few or no labelled cells elsewhere in the heart (e.g. Fig.
4B, E10.5–285) were described as outflow tract only clones. In
the case of E10.5–80, small discrete clusters are observed in
other regions of the heart, indicative of recent independentrecombination events, so that it is included in this class. A
second category, with one or more large clusters elsewhere in
the heart (e.g. Fig. 4A, E10.5–496), probably represents a single
clone derived from a more ancient recombination event. In a
number of the larger clones, labelled cells extend from the
proximal outflow tract into the right ventricle, consistent with
the contribution of cells from the AHF to this compartment also
(Kelly et al., 2001; Zaffran et al., 2004). Furthermore labelled
cells can also be observed (e.g. Fig. 4F, E10.5–485) in the atria,
as expected for the clonal contribution of the second myocardial
cell lineage to both the arterial and venous poles of the heart
(Meilhac et al., 2004a). Small clusters of ≤8 labelled cells are
most frequent in the superior aspect and in the proximal region
of the outflow tract. This may reflect a difference in
proliferation, as suggested by the pronounced increase in this
tendency in clusters of 2–4 cells or when a single cell is
detected. Since the intragenic recombination event necessarily
occurs in a proliferating cell (Bonnerot and Nicolas, 1993), this
is an indicator of cell division. Measurement of mitotic cells,
using a phospho-histone H3 antibody, indeed confirms that
there is much less cell proliferation in the distal than in the
proximal outflow tract at E10.5 (Supplementary Fig. 1). Clones
of more than 8 cells within the outflow tract show a more uni-
form distribution, although with more in the proximal region.
Many of these larger clones probably arose from a progenitor
cell in the AHF. The fact that they are present as clusters within
a domain of outflow tract myocardium points to coherent
growth within this heart field as well as within the heart. This is
exemplified by E10.5–483 which has 160 labelled cells
restricted to the inferior wall of the outflow tract. In the
category of clones of N8 cells that have also colonised other
parts of the heart, more clusters extend across domains and
notably from the proximal into the distal outflow tract. Again
the clustering of these cells points to coherent growth of
progenitor cells, which follows early dispersion of clonally
related cells that colonise different parts of the developing heart
tube (Meilhac et al., 2003). Clone E10.5–554 is exceptional in
that it colonises the whole heart and corresponds to a very early
recombination event (Meilhac et al., 2004a).
Distribution of clusters at E14.5
At E14.5, hearts from the α-cardiac actinnlaacZ1.1/+ line were
analysed for β-galactosidase-positive cells in the myocardium at
the base of the great arteries. Out of 627 labelled hearts, 41 had a
cluster of labelled cells at the base of the pulmonary trunk (Figs.
6A and B) and 4 at the base of the aorta (Fig. 6C). This partly
reflects the more extensive collar of myocardium at the base of
the pulmonary trunk (see also Figs. 2J–L). Only one clone (Fig.
6D) showed labelled cells at the base of both arteries, probably
reflecting a recombination event in a common precursor.
Differences in the molecular regulation of myocardium of the
pulmonary trunk or aorta indicated by the two transgenes are
therefore also evident in terms of cell behaviour. The distribution
of labelled cells within each cluster is summarised in Table 2 in
terms of their ventral/dorsal location (Fig. 6F). It is notable that
most clusters of labelled cells are located in the ventral aspect of
Fig. 5. Schematic representation of the participation of β-galactosidase-positive cells in the myocardial wall of the outflow tract of nlaacZ/nlacZ chimaeric hearts at
E10.5. (A) Example of a small cluster in the superior proximal region of the outflow tract and its distribution within the tubular outflow tract represented in two
dimensions as an opened tube (B). The distribution of β-galactosidase-positive cells in 38 hearts, containing ≥5 β-galactosidase-positive cells, in the outflow tract
region at E10.5. Clones are ordered as small clones (5≤n≤8) or larger clones (N8), with no or only small clusters of labelled cells elsewhere in the heart (OFT only
clones) or with large numbers (N32) of cells in a cluster elsewhere in the heart (OFTand heart clones), indicating that they arise from a more ancient progenitor cell (see
text). The participation of β-galactosidase-positive cells for a given cluster (vertical columns) in a particular region of the outflow tract is represented by a coloured
box, with the number of β-galactosidase-positive cells in each region indicated in each box. Boxes are ordered according to cluster distribution in the superior (sup-
cream) and inferior (inf-brown) regions of the outflow tract myocardial wall on the distal(D)/proximal(P) axis. The total number of labelled cells in the heart is also
indicated for each clone. la, left atrium; lv, left ventricle; oft, outflow tract; ra, right atrium; rv, right ventricle; nb, number.
Table 1
Distribution clusters of β-gal-positive cells in the myocardial wall of α-cardiac
actinnlaacZ1.1/+ embryos at E10.5
Total number of β-gal-positive
cells in the outflow tract
1 2–4 5≤n≤8 N8,
OFT
N8, OFT+
Heart
Superior 19 30 7 3 6
Inferior 2 6 2 4 3
Superior and inferior 0 1 2 4 7
Distal 2 4 2 2 1
Proximal 17 34 6 6 5
Proximal and distal 0 1 0 3 10
31F. Bajolle et al. / Developmental Biology 313 (2008) 25–34the myocardium at the base of the pulmonary trunk whereas the
few labelled clusters around the aorta show an equal distribution.
The size and distribution of clusters, which were aligned in rows
around the circumference of the arteries (Figs. 6A–D), indicated
that most clusters arose from a recent recombination event (≤10
cells, 3–4 divisions) and had grown circumferentially. Inter-
mediate and larger clusters again predominate for the pulmonary
trunk. As the number of labelled cells increases, more
circumferential rows of cells are observed, suggesting earlier
extension of clonal growth on the proximal/distal axis of the
outflow tract observed at E10.5, followed by circumferential
expansion.
Discussion
The complementary profiles of transgene expression suggest
a model in which distinct transcriptional subdomains of the
embryonic outflow tract give rise to myocardium at the base of
the aorta and pulmonary trunk. This is consistent with the
retrospective clonal analysis which reveals the distinct clonal
properties of aortic and pulmonary trunkmyocardium. At E10.5,
clonally related cells are restricted to subdomains of the outflow
tract, which in the case of large clones also reflects coherent cell
behaviour of myocardial progenitors within the AHF. At the
transcriptional level, differences in transgene expression identify
subpopulations of AHF cells. These findings have implications
for normal and anomalous arterial pole development, both interms of the genetic regulation and the cellular origin of myo-
cardium at the base of the great arteries.
In the anterior heart field, the Mlc1v-24 transgenic marker,
that reflects Fgf10 expression, is detected earlier than the two
transgenes described here, which show weaker expression, in
fewer cells. However, at E9.5, expression of T55 and 96-16 is
clearly detected in subpopulations of cells, located in distinct
subdomains of pharyngeal mesoderm marked by the Mlc1v-24
transgene. The 96-16 transgene is also strongly expressed in the
mesodermal core of the pharyngeal arches, where Di-I labelling
experiments have shown that progenitors of outflow tract
myocardium are present (Kelly et al., 2001; see also Tirosh-
Finkel et al., 2006). However, in contrast to Mlc1v-24, 96-16
expression is discontinuous with pharyngeal mesoderm adja-
cent to the outflow tract. β-Galactosidase labelling may
Fig. 6. Examples of nlaacZ/nlacZ chimaeric hearts from α-cardiac actinnlaacZ1.1/+
embryos at E14.5 showing β-galactosidase-positive cells in myocardium at the
base of the great arteries. (A, B) Examples of β-galactosidase-positive cells in
myocardium at the base of the pulmonary trunk (black arrowheads). (C) An
example ofβ-galactosidase-positive cells restricted to the base of the aorta (white
arrowheads). (D) An example of a cluster distributed in myocardium at the base
of both great arteries. (E) Diagram of a ventral view of an E14.5 heart with the
dotted line indicating the plane of section of the arteries, represented
schematically in panel F. ao, aorta; avc, atrioventricular canal; lv, left ventricle;
pt, pulmonary trunk, ra, right atrium; rv, right ventricle.
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at this location, which express nlacZ transgenes with regulatory
sequences identical to those included on the transgene in line
96-16 (Hadchouel et al., 2000), reflecting the initiation of
Myf5 transcription in the arches at this stage. Dye tracing of
T55- or 96-16-marked cells in the AHF would be difficult
because of the small size of these subdomains. It has not
therefore been formally demonstrated that they do contribute to
the superior or inferior wall of the outflow tract, as the ex-Table 2
Distribution of clusters of β-gal-positive cells at the base of the great arteries in α-c
Total Ventral Dorsal Ventro
Pulmonary trunk 41 35 4 2
Aorta 5 2 2 1
Pulmonary trunk and aorta 1 0 0 1 a
a β-Gal-positive cells of this cluster are located on the ventral side of the pulmonpression of these transgenes in the outflow myocardium might
suggest. The distinction between superior and inferior domains
of the outflow tract myocardium, in terms of transgene
transcription, is not sharp and indeed the clonal analysis at
E10.5 shows regionalisation in these domains due to coherent
growth rather than any clonal boundary. The retrospective
lineage analysis of large clusters of myocardial cells in the
outflow tract at E10.5 shows that they are derived from coherent
groups of progenitor cells, pointing to the presence of distinct
subpopulations within the AHF, which will contribute to
subdomains of the outflow tract. These more detailed observa-
tions on cell behaviour in outflow tract myocardium are
consistent with previous observations (Meilhac et al., 2003) on
coherent clusters of cells throughout the heart. In the outflow
tract, coherent growth is not exclusive and intercalation is seen
in the labelled clusters presented here, raising the interesting
question of what surface properties determine limited myocar-
dial cell inter-mingling. The presence of most small clusters and
single labelled cells in the proximal/superior region of the
outflow tract would suggest that more myocardial cell
proliferation takes place here, on the outer curvature of the
outflow tract. This is reminiscent of the higher proliferation on
the pronounced outer curvature of the heart tube where chamber
expansion will occur, documented for the chick embryo (Soufan
et al., 2006). It is notable that chamber expansion is associated
with oriented cell growth (Meilhac et al., 2004b), extending
radially in the forming left ventricle, for example. In contrast, in
the outflow tract, labelled clusters extend along the proximal/
distal axis of the elongating tube. In the chick model, extensive
proliferation is observed at the caudal extremity of the
developing tube and it has been proposed that proliferating
cells at both extremities contribute to its growth (Soufan et al.,
2006). In the retrospective clonal analysis reported here,
relatively few labelled cells in small clusters or single labelled
cells were observed in the distal outflow tract at E10.5,
suggesting that proliferation is not high in these more recently
added myocardial cells. Larger clusters were also infrequent.
Notably, clusters that also had large numbers of clonally related
cells at another site in the heart and therefore derived from an
early progenitor were also rare in the distal outflow tract. In this
category, large clusters extended across the proximal/distal
region, consistent with proximal/distal growth. The small
number of clones of all categories confined to the distal outflow
tract would suggest that this myocardium derives from a small
number of progenitor cells and that the distal outflow tract is
relatively non-proliferative. Direct measurement of the number
of mitotic cells confirms that these are much more frequent in
the proximal outflow tract.ardiac actinnlaacZ1.1/+ hearts at E14.5
-dorsal 1 row
(1 to 10 cells)
2 to 3 rows
(10 to 50 cells)
4 to 7 rows
(50 to 100 cells)
32 6 3
4 0 1
Ao 0 PT
ary trunk (PT) and on the dorsal side of the aorta (Ao).
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protein and lacZ transcripts in 96-16 transgenic embryos pro-
vided evidence of a counter-clockwise rotation of themyocardial
wall of the outflow tract prior to great artery formation. This
rotation was visualized experimentally by Di-I labeling in
embryo culture (Bajolle et al., 2006). Experimental evidence for
a rotation of the outflow tract has also been reported in the chick
embryo where a subpopulation of outflow tract progenitors,
situated in pharyngeal mesoderm on the right side, gives rise to
the left side of the outflow tract (Ward et al., 2005). Our analysis
of the T55 transgene expression profile between E9.5 and E14.5
provides further support for such a rotation event underlying
outflow tract maturation in the mouse embryo. Transgene
expression is observed in the superior wall of the outflow tract at
E10.5 and subsequently in the myocardium at the base of the
aorta in a complementary distribution to that of the 96-16
transgene. Both transgenic lines have a stably inherited single
integration site and these expression profiles are the result of
integration site position effects. DNA sequences adjacent to the
two integration sites are currently being isolated in order to
identify the endogenous targets of the regulatory sequences
trapped by the transgenes (M.D. and R.K., work in progress).
At E14.5, the striking restriction of labelled clusters of
clonally related cells to myocardium at the base of the
pulmonary trunk or aorta points to the existence of distinct
subpopulations of progenitor cells. Again this correlates with the
expression of 96-16 and T55 transgenes at this stage. The
relative intensity of transgene labelling at the base of the arteries
points to less T55-positive myocardium surrounding the aorta.
This is also evident from the number of clusters (5/47) found
here compared with those (41/47) at the base of the pulmonary
trunk. The extent of this unbalance is in contrast to what is
observed at E10.5 when the majority of clusters are restricted to
the superior part of outflow tract myocardium. If, as expression
of the 96-16 transgene would suggest, the base of the pulmonary
trunk derives from the inferior aspect of the outflow tract at
E10.5, then this domain may be much more extensive than we
had estimated on the basis of transgene expression. Alternatively
cells in the superior part of the myocardiummay be lost between
E10.5 and E14.5. Retraction in the size of the sub-aortic domain
during great artery development is consistent with data from the
chick embryo demonstrating Fas ligand-dependent programmed
cell death in future sub-aortic myocardium during individualiza-
tion of the aorta and pulmonary trunk (Watanabe et al., 1998;
Sallee et al., 2004). 50% of cardiomyocytes in the wall of the
outflow tract undergo programmed cell death and this regulated
removal of outflow tract myocytes is required for normal
septation and alignment of the great arteries. Our data suggest
that similar mechanisms occur in future sub-aortic myocardium
during individualization of the great arteries in the mouse
embryo, and indeed recent results for the mouse embryo indicate
that this is the case (Barbosky et al., 2006). The lower number of
clusters, mainly of smaller size, around the base of the aorta
compared to the pulmonary trunk, is consistent with the loss of
cells which would contribute to this myocardium. The retro-
spective clonal analysis gives insight into how myocardial cell
growth occurs. Comparison of the organisation of cells inclusters of different sizes shows that small clusters extend as a
single row of cells around the circumference at the base of the
artery, while in larger clusters rows of circumferentially
organised cells are seen. While compaction of myocardium at
the base of the great arteries may contribute to the circumfer-
ential spread of clones, it is unlikely to be the only factor
responsible for this phenomenon which leads to intercalated
rows of cells surrounding the vessel. Numbers of rows increase
with the size and therefore the age of the cluster, pointing to an
initial phase of clonal expansion on the anterior/posterior axis of
the outflow tract, seen at E10.5, followed by circumferential
growth. This provides an example of how oriented cells growth
is correlated with cardiac morphogenesis.
We conclude that distinct subdomains of progenitor cells
within the pharyngeal mesoderm of the AHFmay give rise to the
distinct regions of the ventricular outlets in the definitive heart.
Future sub-aortic and future sub-pulmonary myocardium may
therefore be prefigured along the anterior–posterior axis within
pharyngeal mesoderm, with sub-aortic myocardial progenitor
cells positioned anterior to sub-pulmonary progenitor cells.
Sequential anterior–posterior development of bilateral pharyn-
geal arches reveals that pharyngeal development is intrinsically
patterned along the anterior posterior axis and indeed the
connection between the aortic sac and pharyngeal arch arteries
shifts caudally as development progresses. Such an anterior–
posterior disposition of myocardial progenitor cells would
parallel the aortic arch artery connections with future subjacent
myocardium, the aorta forming from the 4th arch artery and the
pulmonary trunk from the 6th arch artery (Larsen, 1993).
Anomalies in great artery individualization underlie 30% of
congenital heart defects including common arterial trunk, double
outlet right ventricle and transposition of the great arteries.
Perturbations of cardiac neural crest cells and pharyngeal
mesoderm progenitor cells of the anterior heart field have been
shown to give rise to such defects in experimentally manipulated
chick embryos and mouse mutant models (Yelbuz et al., 2002;
Buckingham et al., 2005). Our data concerning heterogeneity
within the developing arterial pole of the normal heart have
direct implications for understanding the etiology of these
anomalies. The utility of this approach has been demonstrated in
the case of the 96-16 transgene where reduced or absent rotation
of the myocardial wall of the outflow tract was observed in
different models of congenital heart defects such as persistent
truncus arteriosus and transposition of the great arteries.
Furthermore, selective perturbation of one or other of these
subdomains would be predicted to impact on development of
sub-aortic or sub-pulmonary myocardium. Ongoing experi-
ments will evaluate the relative contribution of these myocardial
subdomains to the etiology of congenital heart defects.
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